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For the Fe-based superconductor Fe1+yTe1−xSx, superconductivity is induced by annealing
treatment in oxygen atmosphere, whereas as-grown samples do not show superconductivity.
We have investigated the sample-size dependence of O2-annealing effects in Fe1.01Te0.91S0.09.
The annealing conditions are fixed to be 1 atm, 200 ◦C, and 2 hours. We have carried out mag-
netic susceptibility and specific heat measurements in order to evaluate the superconducting
volume fraction. We have found that Fe1+yTe1−xSx has an optimal size for the induction of
bulk superconductivity by O2 annealing. Our results indicate that O2 annealing is probably
effective near the surface of samples over a length of a few tens of micro meters.
1. Introduction
Numerous iron-based superconductors have been reported since the discovery of super-
conductivity in LaOFeP and La(O1−xFx)FeAs.1, 2 Among them, iron chalcogenide materials
such as FeSe, Fe1+yTe1−xSex, and Fe1+yTe1−xSx are categorized as 11-systems.3 The 11-system
attracts researchers’ attention because of the simplest crystal structure. The crystal structure
of Fe1+yTe is tetragonal and the space group is P4/nmm. Fe1+yTe (y ≤ 0.12) does not show
superconductivity, but exhibits a structural phase transition to a monoclinic (P21/m) phase
at Ts ∼ 65 K. The transition is accompanied by a magnetic phase transition to a commen-
surate antiferromagnetic phase with a wave vector of q =
(
1
2 , 0,
1
2
)
. In the higher iron con-
centration range of y ≥ 0.12, tetragonal Fe1+yTe undergoes a structural phase transition to an
orthorhombic (Pmmn) phase and a magnetic phase transition with an incommensurate mag-
netic structure with q =
(
±δ, 0, 12
)
, where δ = 0.38 for Fe1.141Te.4–8 The substitution of S for
Te in Fe1+yTe suppresses the structural and the magnetic phase transition temperatures. While
as-grown samples of Fe1+yTe1−xSx exhibits no superconductivity for all the compositions of x
and y,9 superconductivity can be induced in Fe1+yTe1−xSx by several kinds of treatments. Ex-
amples of such treatments are leaving in the air for a long time,10 annealing in O2 atmosphere
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(O2 annealing),11–13 annealing in S atmosphere,14 and soaking in hot alcoholic beverages or
aqueous organic solutions, e.g. red wine or malic acid.15, 16 After the soaking treatment in the
aqueous organic solutions, an Fe component has been detected in the solutions.16 Hence, it is
inferred that the deintercalation of excess Fe may be a key for the induction of superconduc-
tivity in Fe1+yTe1−xSx.
In another 11 system, Fe1+yTe1−xSex, superconductivity can be also induced by various
treatments.14, 17–21 Among the treatments, annealing in low-pressure oxygen atmosphere or in
vacuum can induce bulk superconductivity, and a large critical current density Jc and a dis-
continuity of the specific heat have been observed.17, 18, 20 By contrast, no evidence for bulk
superconductivity in Fe1+yTe1−xSx has been observed thus far, although zero electrical resis-
tivity and large diamagnetic susceptibility in zero-field-cooled (ZFC) condition have been
observed in Fe1+yTe1−xSx samples after similar treatments. Therefore, it is speculated that the
superconducting state could be realized only within particular regions of the samples.
In the present work, we have investigated the sample-size dependence of the O2-annealing
effects by means of ZFC and field-cooled (FC) susceptibility and specific heat measurements.
We have chosen the O2-annealing condition to be 1 atm, 2 hours, and 200 ◦C, following Ref.
11. We observed a jump of the specific heat around the superconducting transition tempera-
ture Tc in relatively small O2-annealed samples. To the best of our knowledge, this is the first
observation of bulk superconductivity in Fe1+yTe1−xSx. We deduce that the superconducting
region induced by O2 annealing is probably near the surface of samples over a length of a few
tens of micro meters.
2. Experimental Procedure
The single crystalline samples of Fe1+yTe1−xSx used in the present study were prepared
by a self flux method described in Ref. 9. Fe shot (5N), Te shot (6N), and S shot (6N) with a
nominal composition of x = 0.2 were sealed in evacuated quartz ampoule under atmosphere
of 0.3-atm argon. The ampoule was heated by an electric furnace to 1050 ◦C. Subsequently,
the temperature was kept for 20 hours and then cooled to 650 ◦C at a rate of −4 ◦C / h. All the
samples used in this work were obtained from the same batch. The dimensions of the single
crystalline sample for measurements were 3 mm × 3 mm × 0.5 mm3 (class #1). We prepared
powder samples by crushing single crystals, and classified them by size using sieves into
the following dimensions; 106–250 µm (class #2), 75–106 µm (class #3), 20–75 µm (class
#4), and 0–20 µm (class #5). The samples were annealed in O2 atmosphere . The pressure,
temperature, and duration for the O2 annealing were fixed to be 1 atm, 200 ◦C, and 2 hours,
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respectively.
The actual composition of the samples were determined to be Fe1.01Te0.91S0.09 using an
electron probe micro analyzer EPMA (JEOL, JXA-8100). X-ray powder diffraction measure-
ments with Fe-Kα radiation were performed using RIGAKU, RAD-C.
We measured the magnetic susceptibility using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, MPMS). For the magnetic susceptibility
measurements, the applied field was 20 Oe. The single crystalline sample (sample class #1)
was mounted in a plastic straw so that the applied field is along the longest dimension. The
powder samples (sample class #2–#5) were wrapped in cling film and mounted in plastic
straws. We have also measured the specific heat by a thermal relaxation method (Quantum
Design, PPMS). For specific heat measurements for class #3 (75–106 µm), the sample was
wrapped in copper foil; the heat capacity and the specific heat of the samples were evaluated
by subtracting the heat capacity of the copper foil as described in Ref. 22. For the subtraction,
the data of the specific heat measured for copper in Ref. 23 were used. For the other sam-
ples, pellets, prepared by pressing small pieces of crystals, were used for specific heat mea-
surements. The samples used for magnetic susceptibility, specific heat, and X-ray diffraction
measurements are labeled with a, b, and c, respectively, preceded by the class number, e. g.
sample 1a.
3. Experimental Results
Figures 1(a) and (b) show the temperature dependences of the superconducting shield-
ing fraction (SF) of size-classified O2-annealed Fe1.01Te0.91S0.09 evaluated from the magnetic
susceptibility, ∆χ(T ) = χ(T ) − χ(15 K), measured (a) in the zero-field-cooled (ZFC) con-
dition and (b) field-cooled (FC) condition. In this work, the demagnetizing field effects are
ignored. The onset of the superconducting transition temperature (onset Tc1) for single crys-
talline sample 1a is 8.8 K, and the onset Tc1 rises to 9.4 K for the powder samples. The inset
of Fig. 1(b) depicts an example of the definition of the onset Tc. The SF at 5 K for sample 1a
in the ZFC condition is 12%. and the SF at 5 K for samples 2a–4a (20–250 µm) is enhanced
and is over 80% in the ZFC condition. For the smallest sample 5a (0–20 µm), however, the
SF is suppressed to 14% at 5 K. On the other hand, the SF in the FC condition for sample 1a
(single crystal) is only about 1%. The SF in the FC condition increases with decreasing sam-
ple size except for sample 5a. For sample 5a, the SF in the FC condition is only 1%. The SF
measured in the FC condition is correlated with the superconducting volume fraction (SVF).
Accordingly, we use the SF in the FC condition as a measure of the SVF. The sample-size
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Fig. 1. (Color online) Temperature dependences of shielding fraction (SF) in O2-annealed Fe1.01Te0.91S0.09.
Inset shows an example of the definition of onset Tc1 and onset Tc2 for sample 3a. Onset Tc1 is defined by the
start point of the drop of the magnetic susceptibility. Onset Tc2 is defined by the intersection of the straight
fitting line of the superconducting region with that of the normal state region.
dependence of the SF measured in the FC condition is summarized in Table I. The results
indicate that the O2-annealing effects for the Fe1+yTe1−xSx strongly depends on the sample
size, and there appears to be an optimum sample size to maximize the SVF.
Table I. Shielding fraction at 5 K in the FC condition (SF-FC) and onset Tc1 and onset Tc2 defined in Fig. 1.
Sample size SF-FC (%) onset Tc1 (K) onset Tc2 (K)
1a 3 3 0.5 mm3 1.1 8.8 7.0
2a 106–250 µm 3.2 9.4 8.4
3a 75–106 µm 6.2 9.4 8.6
4a 20–75 µm 11.0 9.4 8.8
5a 0–20 µm 1.2 9.2 8.9
The specific heat provides quantitative and reliable information about the SVF. The spe-
cific heat divided by temperature, C/T , against T 2 is plotted in Fig. 2 (a). Peaks associated
with the superconducting transition were observed in the O2-annealed powder samples 2a -
5a, although such a peak was hardly observed in the single crystalline sample 1b. As will
be described later, these samples used include several kinds of impurities, e. g. FeTe2. It is,
therefore, difficult to distinguish the specific heat of Fe1.01Te0.91S0.09 from those of the impu-
rities. Here we analyze the specific heat data assuming the following simple formula for the
temperature range of 100 K2 ≤ T 2 ≤ 196 K2 ,
C
T
= γ + βT 2, (1)
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where γ and β mainly come from the electronic and the lattice specific heat coefficients of
Fe1.01Te0.91S0.09 , respectively. Figure. 2(b) shows the electronic part of the specific heat ob-
tained from the data on the assumption of the functional form of equation (1). This analysis
apparently fails to extract the electronic contribution of Fe1.01Te0.91S0.09 because the entropy
balance is not conserved in Fig. 2(b). Nevertheless, the peaks observed in the specific heat are
so clear that their attributions to the superconducting transition appear to be plausible. The
onset temperature of the peak (onset Tc), the peak temperature (T peakc ), and the parameters ob-
tained from the fitting procedure are tabulated in Table II. Note that fitting the experimental
data to equation (1) yields γ and β including the contributions from the impurities. The Debye
temperature θD estimated from β in sample 1b is 149 K, which is close to a Debye tempera-
ture of 141 K for the parent compound Fe1.05Te reported in Ref.24. The onset temperature of
the peak increases to about 10.2 K with decreasing sample size for samples 2b–4b and that of
sample 5b slightly decreases. The peak temperature is about 8.0 K in the sample 2b–5b. The
peak heights ∆C/T peakc of samples 3b and 4b are very close (31 mJ/Fe-mol K2) and are the
greatest among the samples.
The size dependence observed in the susceptibility and the specific heat measurements
indicates that the O2 annealing affects due to the distance from surface. To identify the ma-
terials created in the samples through O2 annealing, X-ray diffraction measurements were
carried out. Figure 3(a) shows the X-ray diffraction patterns of size-classified O2-annealed
samples of Fe1.01Te0.91S0.09, and those of an as-grown sample for comparison. While the as-
grown sample was ground for the measurements, the O2-annealed samples were mounted
on the glass plates without being ground. Consequently, the X-ray diffraction data for O2-
annealed samples reflect the composition of the materials near the surface; the penetration
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Fig. 2. (Color online) (a) C/T of O2-annealed Fe1.01Te0.91S0.09 against T 2 plot. (b) (C − Cph) vs T plot of
Fe1.01Te0.91S0.09.
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Table II. Parameters estimated by the specific heat measurements
Sample size β (mJ/K4mol) θD (K) γ (mJ/Fe-mol K2) onset-Tc (K) T peakc (K) ∆C/T peakc (mJ/Fe-mol K2)
1b 3 3 0.5 mm3 0.59 149 66 (9.0) (8.0) -
2b 106 - 250 µm 0.51 156 67 9.5 7.8 9.3
3b 75 - 106 µm 0.45 163 51 9.6 8.1 31
4b 20 - 75 µm 0.41 169 69 10.2 8.0 31
5b 0 - 20 µm 0.31 185 30 10.0 8.0 12
depth of the X-ray used is about 5 µm. The data were scaled by the (101) peak intensity
because of quite a high intensity of (00l) peaks owing to the O2-annealed samples being natu-
rally oriented. Figure 3(b) shows an enlarged view of the data for the as-grown sample and the
smallest sample 5c. In the as-grown sample, small peaks from FeS and FeTe2 are also seen
in addition to the peaks of Fe1.01Te0.91S0.09. Since sulfur has a solubility limit,9 the surplus
sulfur might react and form these impurities. Therefore, these impurities could be inevitable
in the single crystalline sample grown by the self flux method. Besides this, the two peaks
at 40.5◦ and 42.1◦ attributable to FeTe2 are clearly observed for the O2-annealed samples.
FeTe2 is probably generated by the O2 annealing at surfaces of Fe1.01Te0.91S0.09. FeTe2 has
been observed also in Fe1+yTe1−xSx annealed in the oxygen at temperatures higher than 300
◦C.11 For all of the samples annealed in oxygen atmosphere, reflections attributable to Fe2O3
or Fe3O4 were not observed. In the smallest powder sample 5c, many additional peaks were
observed. Although they have not been identified, other impurity peaks indicated by arrows
are also seen. Other unidentified materials are produced by O2 annealing especially in the
smallest sample 5c.
4. Discussion
The sample-size dependences of the SVF in O2-annealed Fe1.01Te0.91S0.09 evaluated from
FC susceptibility and from specific heat measurements show almost the same trend as illus-
trated in Fig. 4. The SVF becomes greater with decreasing sample size down to 20 µm, but
it becomes lower in smaller samples. The results indicate two types of effects of O2 anneal-
ing in Fe1.01Te0.91S0.09: creation and deterioration of superconducting regions. It is unable to
evaluate the accurate SVF from these results because of the difficulty of the analysis for the
specific heat as mentioned above. The volume fraction, however, may be roughly estimated
to be dozens of percent of order by assuming the BCS theory, comparing ∆C/T peakc observed
in sample 3b and 4b are from 0.4γ–0.6γ, which is 1.43γ in the BCS theory.
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From the sample-size dependence of the superconducting volume fraction, the supercon-
ducting regions probably exist within a thickness of a few tens of micro meters from the
surface. Figure 5 shows schematic diagrams of the O2-annealing effects we propose. In order
to construct these diagrams, we have made the following assumptions:
(1) O2 annealing mostly affects regions close to sample surfaces.
(2) As a consequence of the O2 annealing, two distinct layers are formed near the surfaces.
The outer layer contains a large amount of non-superconducting materials such as FeTe2
while the inner layer mostly consists of superconducting regions that encloses almost the
whole sample. The core region surrounded by the two layers remains unchanged after the
annealing.
(3) The thicknesses of those two layers are anisotropic due to the anisotropy of the crystal
structure, but are independent of the sample size, and may be regarded as somewhat
similar to a penetration depth of the annealing effects.
In fact, the formation of layers responsible for superconductivity,which enclose almost the
whole sample, is consistent with the large difference between the SF in ZFC and FC condi-
tions. Indeed, these assumptions reasonably well account for the observations concerning the
SVF. The SVF will increase with decreasing sample size when the dimensions of the sam-
ple is considerably larger than the thickness of the two layers. On the other hand, when the
dimensions of the sample becomes less than the thickness of the layers, the inner supercon-
ducting layer will naturally diminish and the SVF will decrease. As shown in Table II, the
electronic specific heat coefficient γ of the sample class #5 is relatively small. This result is
consistent with our view shown in Fig 5 because FeTe2, which is an insulator (γ ∼ 0), is one of
the major impurities in the smallest sample class #5.25 As stated earlier, the X-ray diffraction
measurements did not detect oxidized iron such as Fe2O3 or Fe3O4 in the O2-annealed sam-
ples. Nevertheless, we observed an oxygen component at surfaces of the O2-annealed samples
in EPMA measurements. We conjecture that oxygen could be diffused in Fe1+yTe1−xSx and in-
tercalated between adjacent atomic layers as suggested in Ref.11. Such intercalation perhaps
reduces the effects of excess iron and induces superconductivity.
5. Conclusions
We have investigated the sample-size dependence of the O2-annealing effects by means
of ZFC and the FC susceptibility and specific heat measurements. We observed a jump of
the specific heat around superconducting transition temperature Tc in the O2-annealed small
samples. As far as we know, this is the first observation of the bulk superconductivity in
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Fe1+yTe1−xSx. It implies that the superconducting region induced by O2 annealing is dis-
tributed probably near the surface of samples over a length of a few tens of micro meters
in the annealing condition of 1 atm, 2 hours, and 200 ◦C.
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